ABSTRACT Laminin, a basement membrane glycoprotein isolated from cultures of mouse endodermal cells and rat yolk sac carcinoma cells, promoted the attachment of liver cells obtained from regenerating mouse liver. Cells from normal mouse liver attached readily to dishes coated with fibronectin but attached poorly to surfaces coated with laminin. Both proteins efficiently promoted the attachment of cells from livers undergoing regeneration. After regeneration, the attachment to laminin returned to the low levels found in animals not subjected to partial hepatectomy but attachment to fibronectin remained high. Immunofluorescent staining of sections of normal liver with antilaminin revealed the presence of laminin in or adjacent to the walls of the bile ducts and blood vessels. After induction of regeneration by partial hepatectomy, increased amounts of laminin appeared in the sinusoidal areas. After carbon tetrachloride poisoning, staining for laminin was especially pronounced in the necrotic and postnecrotic areas around the central veins. This additional expression of laminin was transient. It reached a maximum around 5-6 days after the injury and then gradually disappeared. These findings show that laminin is an adhesive protein. The increase of laminin in regenerating liver and the adhesiveness of cells from such livers to laminin suggest a role for laminin in the maintenance ofa proper tissue organization during liver regeneration.
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Basement membranes are extracellular matrices composed of collagens, noncollagenous glycoproteins, and proteoglycans (1, 2) . Such matrices are thought to be actively involved in the regulation of cellular growth and differentiation (3) .
Fibronectin is recognized as one ofthe major noncollagenous glycoproteins in extracellular matrix and basement membranes, where it appears to be involved in cell attachment. Fibronectin is absent from the cell surface matrix of most malignantly transformed cells (for recent reviews, see refs. [4] [5] [6] , and this may be correlated with the metastatic capacity of such cells (7, 8) .
Laminin is another recently described noncollagenous basement membrane component that consists of two glycosylated polypeptides with molecular weights of approximately 200,000 and 400,000. Laminin has been isolated from a basement membrane-forming sarcomatous mouse tumor (9) and is similar to or identical to the main component in extracellular matrix of endodermal cells (10) (11) (12) . Like fibronectin, laminin interacts with certain types of glycosaminoglycans (13) .
The role of fibronectin in promoting cell attachment is now well documented (14-17). Freeman et al. (18) recently noticed that liver tissue, unlike other tissues, only grows on the epidermal side of a pigskin support and requires contact with the basement membrane to do so. This observation and the fact that the skin basement membrane contains laminin (19) suggested to us that liver cells could interact with laminin. We show here that laminin promotes the attachment of liver cells, especially those from regenerating liver, and that laminin appears in association with liver cells in vivo during liver regeneration.
MATERIAL AND METHODS Purification of Fibronectin and Laminin. Fibronectin was purified from mouse plasma as described (20) . Laminin was isolated from culture media of two cell lines: the mouse endodermal line PF HR-9 (12, 21) , and a rat yolk sac carcinoma cell line L2 (22) . The purification was based on affinity chromatography on heparin-Sepharose (Pharmacia, Uppsala, Sweden) as described (13) followed by gel filtration on Sepharose 4B. A control protein fraction bound to heparin-Sepharose and eluted with 0.5 M NaCl was prepared from fetal calf serum by using a procedure similar to the one used in the isolation of laminin. Fibronectin, also a heparin-binding protein (23) , was removed from the serum and spent culture medium by affinity chromatography on gelatin-Sepharose, as described (20) , prior to the heparin-Sepharose chromatography.
Induction of Liver Regeneration and Preparation of Liver Cells. Regeneration of liver was induced in 6-to 10-week-old C3HeB/FeJ mice (Jackson Laboratory, Bar Harbor, ME) either by partial hepatectomy as described by Higgins and Anderson (24) or by intraperitoneal administration of 25 1.l of CC14 dissolved in 75 ,ul of heavy paraffin. At different times after the injury, livers were processed for immunofluorescence by snap freezing or for cell attachment assay by perfusion with collagenase. Perfusion and preparation of liver cells was carried out as described by Dougherty et al. (25) except that sterile conditions were not maintained. In brief, the livers were perfused with 0. Cell Attachment Assay. Attachment of cells to fibronectin and laminin was evaluated by using polystyrene surfaces coated with these and control proteins. Wells in microtiter plates (Flow Laboratories) were coated with protein at 10 ,ug/ml or less in 0.1 M sodium carbonate buffer (pH 9.5). The coating and washing procedures have been described (17, 26) . Five thousand liver cells were added to each well, and attachment was allowed to proceed for 1.5 hr at 37°C. The wells were then washed two times with phosphate-buffered saline to remove unattached cells. The attached cells were fixed with 3% paraformaldehyde and counted by using a cell counter (Artek, Dynatec Laboratories, Alexandria, VA). The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with Immunofluorescence. Rabbit antisera to mouse plasma fibronectin and laminin isolated from extracellular matrix of mouse PF HR-9 endodermal cells have been described (12, 13, 27) . Antilaminin was also obtained as a gift from George Martin (National Institute of Dental Research, Bethesda, MD). Antirat albumin which crossreacts with mouse albumin was kindly provided by Stewart Sell (Department of Pathology, University of California, San Diego).
Localization of laminin and fibronectin in liver was carried out on frozen tissue sections by using the indirect immunofluorescence technique as described (12) . Liver (Fig. la) . Marked attachment to plastic coated with laminin was only seen with cells from regenerating liver (Fig. lb) . Neither cell type attached to plastic coated with bovine serum albumin (Fig. ic) or to uncoated plastic (Fig. ld) .
Cells from regenerating liver were used to establish the optimal coating conditions for the attachment of cells to laminin. Attachment was maximal when the wells were coated with fibronectin or laminin at 3-10 jig/ml (Fig. 2) . In subsequent experiments, protein concentration of 10 gg/ml was used for coating.
Marked changes in the ability of liver cells to attach to fibronectin and laminin were -seen during the course ofthe regenerative response induced by partial hepatectomy. Liver cells derived from control animals (liver intact) showed 60-100% attachment to plastic surfaces coated with fibronectin. Only about 10% of such cells attached to laminin (Fig. 3) . The degree of attachment to laminin was higher, however, than that obtained with uncoated plastic or plastic coated with control proteins including serum albumin, gamma globulin, high molecular weight poly-L-lysine, gelatin, and heparin-binding proteins from fetal calf serum devoid offibronectin. In no case did more than 4% of the cells attach to such control wells.
An increased ability of the cells to attach to laminin was seen 24 hr after partial hepatectomy (Fig. 3) . The attachment to laminin was at about 70% from day 2 to day 4 and had returned to the basal level when tested 8 days after the operation. The ability of the cells to attach to fibronectin was unaffected by the regeneration except at 24 hr after partial hepatectomy. Although the attachment to fibronectin as well as to laminin at this time showed wider variation than during any other time, the reduction in the attachment to fibronectin from 81 ± 21% at day 0 to 29 ± 23% at 24 hr was highly significant (P < 0.001).
Attachment ofcells to fibronectin was inhibited by treatment of the fibronectin-coated microtiter wells with antifibronectin but not antilaminin (Fig. 4) Appearance of Laminin in Regenerating Liver. Immunofluorescent staining of normal mouse liver revealed the presence oflaminin in close apposition to the bile ducts and blood vessels. Faint staining could be seen lining the sinusoids (Fig. 5a ). This sinusoidal staining increased after liver injury caused by partial hepatectomy or by administration of CC14 (Fig. 5 b-f) . During the initial stages of liver regeneration after CC14 poisoning, the increased staining for laminin was mainly seen in the necrotic areas (Fig. 5b) . As the necrotic areas around the central veins were replaced by new tissue, the staining outlining the sinusoids became more intense (Fig. 5 c and d) . When regeneration was complete, [8] [9] days after the injury, only a weak staining resembling that seen in the normal liver was observed (Fig. 5e) . The distribution of fibronectin staining did not change during the regenerative process, but a slight decrease in the intensity ofthe staining was consistently noted 2-3 days after partial hepatectomy ( Fig. 5 g and h) . likely contaminants of our laminin preparations, the heparinbinding proteins isolated from fibronectin-depleted fetal calf serum, did not promote attachment of cells from regenerating liver. (iii) The attachment of cells to laminin was inhibited by treatment of the laminin-coated wells with antilaminin but not antifibronectin, making it unlikely that the activity of laminin would be due to the presence of trace amounts of fibronectin. (iv) The fact that presence of EGTA did not affect attachment of liver cells to laminin tends to exclude the involvement of the calcium-dependent receptor that recognizes terminal galactose residues in desialylated glycoproteins (28) . Moreover, according to Rubin et al. (29) , liver cells attach but do not spread when attached via the galactose receptor. Because liver cells do attach and spread on laminin, the galactose receptor does not seem to be involved.
DISCUSSION
Laminin and fibronectin seem to differ with respect to their ability to promote the attachment of cells. They showed different specificities toward cells from normal and regenerating livers. In our assays, cells from regenerating liver attached to laminin much more readily than did cells from resting liver. In contrast, both types of cells attached to fibronectin although there was a transient impairment of attachment to fibronectin 24 hr after the regeneration stimulus. We also have recently found that laminin does not promote the attachment of rat kidney cells whereas these fibroblast-like cells attach and spread readily on fibronectin (30) . It may be that fibronectin is a relatively nonspecific cell attachment protein whereas laminin has a more restricted specificity which possibly is directed toward cells abutting a basement membrane.
It could be argued that the change in the ability of the cells to attach to laminin after partial hepatectomy is a consequence of shifting proportions between cell populations rather than a changing property of hepatocytes. However, this seems an unlikely explanation. The liver mass that consists of nonparenchymal material only contributes 10-20% of the liver at any given stage ofregeneration (31, 32) whereas the cell suspensions we prepared represented 50-60% of the original liver mass. Moreover, the collagenase perfusion method gives cell preparations containing 90-99% hepatocytes (25, (33) (34) (35) . Finally, 90% of the cells we obtained showed immunofluorescence for albumin, a known marker for hepatocytes in normal and regenerating liver (36, 37) . The changes observed, therefore, appear to be taking place in the adhesive properties of the hepatocyte population.
The impaired attachment of cells to fibronectin around 24 hr after the initiation of regeneration is of interest. It has been noted that fibroblasts entering mitosis detach from the surrounding fibronectin matrix (38) . That the liver cells acquired an ability to attach to laminin at the time when they lost attachment to fibronectin raises the possibility that these changes could be important for the initiation ofthe regenerative process.
The enhanced ability ofregenerating liver cells to utilize laminin for attachment in vitro, as well as the appearance of increased levels of laminin in association with liver cells in vivo, correlated with the period of restoration of liver tissue (32, 39) . The role oflaminin may be to provide cell attachment for proper tissue organization during liver regeneration. Such attachment may also provide a stimulus for proliferation of liver cells.
